Introduction
Aquatic plants play important roles in the water environment. Besides releasing oxygen and absorbing carbon dioxide, aquatic plants can remove or absorb excess nutrients 1, 2 and pollutants such as heavy metal ions 3, 4 in water. Therefore, various aquatic plants are being used for purifying water and wastewater. However, details about the removal or purification dynamics and mechanics are not thoroughly understood yet. 1, 2 Most studies on the removal of excess nutrients or pollutants by aquatic plants are carried out by analyzing concentration changes of components in either aquatic plants 5, 6 or water, 1,2 with various analytical methods. The organs of aquatic plants could be ground and then extracted to study changes of some components. 7 However, it is usually time-and labor-consuming to analyze the aquatic plant organs. On the other hand, studies by analyzing concentration change of aqueous components in water usually obtained average concentration changes over the sampling intervals, which reflect spatial-and temporal-average concentration changes of the aqueous components caused by the whole aquatic plant. The spatial-and temporal-average concentration changes were reported to be delayed by about 2 -3 h in comparison with the material movements at a vicinity of the aquatic plants, 8 thus they do not directly reflect the realtime dynamics of intake by or release from the aquatic plants. Moreover, the intake or release process for different organs such as leaves and stems are usually different. Therefore, it is desirable to be able to monitor in real time and in situ the intake or release of the components by different organs of the aquatic plants.
Dissolved oxygen (DO) is an important chemical species involved in not only aquatic plant activities but also water ecology. Oxygen transported through aquatic macrophytes has been recognized to play an important role in wastewater treatment. 9 DO in water can be monitored in real-time by either electrochemical 10 or fluorescent DO sensors. 11, 12 However, it is usually difficult to obtain DO changes at a vicinity of micrometers from the surface of aquatic plants because of the physical size of the commercial DO sensors.
If the material movements including DO transport across the surface of any organs of the aquatic plants can be monitored in real-time and in situ, it would be definitely useful and helpful It is desirable to be able to monitor the intake or release of the components at different organs of aquatic plants in real time and in-situ. Here, we report a novel optical detection system that allows for real-time in-situ simultaneous monitoring of the dissolved oxygen and material movements at a vicinity of micrometers from the aquatic plant surface. A blue semiconductor diode-laser was used as the light source of both the probe beam and excitation light for fluorescence. The laser light reflected by a dichroic mirror was focused to a vicinity of the plant/water interface in a culture dish by an objective lens. The distance between the focused laser beam and the plant surface was adjusted by an X-Y-Z micro-stage. Deflection of the probe beam was detected by a position sensor, and fluorescence from the vicinity was monitored by a PMT. A commercial fluorescent DO sensor, which simultaneously monitored temperature, was immersed into the culture dish at about 1 cm away from the aquatic plants. A white-light LED was used to illuminate the aquatic plants in the dish in photosynthesis process. A Ru-complex (tris (2,2′-bipyridyl)ruthenium(II) chloride) was used as a fluorescent probe, and Egeria densa Planch. was used as a model aquatic plant. The DO-quenched fluorescence and material movementinduced deflection signals are compared at different distances from the aquatic plant surface. The results show that the optical detection system can monitor DO and the material movements at a vicinity of the aquatic plants not only much more sensitively, but also much more closely to real time than analytical methods that monitor concentration changes at a bulk solution. for understanding the aquatic plant activities, including the removal or purification details. Recently, the deflection method of a probe beam has been applied for optical sensing of material movements at different locations of a plant. 13 The deflection signal of the probe beam passing through a vicinity of the plant was mainly caused by change of concentration gradients of chemical species involved in the material movements across the plant surface. Although the deflection method could be used for noninvasive sensing of material movements across the plant surface, it could not determine what kinds of materials leaked from or were taken in by the plants. The deflection method has been combined with absorbance spectroscopy to study effects of acid solutions on the aquatic plants, 8, 14 however, the absorbance changes were spatial-and temporal-average ones.
In this work, we try to combine the deflection method with oxygen-quenched fluorescence to build a novel optical detection system, which allows real-time in-situ simultaneous monitoring of the DO and material movements at a vicinity of micrometers from the aquatic plant surface. A Ru-complex (tris(2,2′-bipyridyl)ruthenium(II) chloride) was used as a fluorescent probe, and Egeria densa Planch. was used as a model aquatic plant. The DO-quenched fluorescence and material movementinduced deflection signals are simultaneously monitored at different distance from the aquatic plant surface. The results show that the optical detection system can monitor DO and the material movements at a vicinity of the aquatic plants not only much more sensitively, but also much more closely to real time than analytical methods that monitor concentration changes at a bulk solution. Figure 1 shows the experimental setup for the optical detection system and photos of the model aquatic plant. A short piece of Egeria densa (about 1.0 cm long) was put in a culture dish with 30 mL of 10 -6 M Ru-complex solution. A short piece of slide glass was placed on the aquatic plants to prevent any possible movement or motion. The culture dish was placed on a holder mounted on an X-Y-Z micro-stage. A blue semiconductor laser (output power: 3 mW; wavelength: 405 nm) was used as the light source for both the probe beam and excitation light for the fluorescence. The laser light was reflected by a dichroic mirror, and then was focused (spot size: about 2 -3 μm) to the plant/ water interface in the culture dish by an objective lens (50×/0.55, Sigma Koki Inc., Japan). The distance between the focused laser beam and the plant surface was adjusted by the X-Y-Z micro-stage. The probe beam transmitted through the dish was focused to a position sensor consisting of a bi-cell photodiode 8 by a lens. The Ru-complex was excited by the laser light, and a part of fluorescence passed back through the dichroic mirror, and then was focused on a PMT by a lens. A pin-hole was placed in front of the PMT to ensure that confocal fluorescence or fluorescence only from the focused spot was detected. A commercial fluorescent DO sensor (Firesting, from BAS Inc., Japan), which monitored temperature simultaneously, was immersed into the culture dish at about 1 cm away from the aquatic plants. A white-light LED (maximum intensity: 28 μW/cm 2 , Sigma Koki Inc., Japan) was used to illuminate the aquatic plants in the dish in photosynthesis process. The whole detection system was put into a black box. Deflection, fluorescence intensity, DO concentration, and temperature changes were simultaneously monitored and recorded by a digital multi-meter.
Experimental
The experimental procedures were as follows. Firstly, the distance between the probe beam and the aquatic plant surface was adjusted to 1 cm, 30 μm, 10 μm, or 0 μm. The distance of 0 μm was defined as the one at which the probe beam was so close to the aquatic plant surface that scattering light of the probe beam by the aquatic plant surface was seen. Then, the LED was turned off and the monitoring of the deflection, fluorescence, DO (from the DO sensor), and temperature were started. After 4 h, the LED was turned on, and the monitoring continued for another 4 h. It was repeated several times. A stock solution of 10 -3 M Ru-complex solution was prepared by dissolving 0.0064 g Ru-complex in 100 mL distilled water. The stock solution was diluted by 1000 fold before use in the experiments.
Results and Discussion
In preliminary experiments, it was found that immersion of the aquatic plants into the 10 -6 M Ru-complex solution for 4 or 6 h caused little change in both fluorescence intensities and spectrum. Also, little change was observed in the absorbance spectrum of the complex solution after immersion of the aquatic plants for 4 h. This meant that little decomposition or adsorption of the Ru-complex occurred with the immersion of the aquatic plant.
On the other hand, oxygen is well known to quench fluorescence of a fluorophore. The fluorescence quenching obeys the Stern-Volmer equation, 15
where CO2 is the DO concentration, F0 and F are the fluorescence intensities of the Ru-complex solutions without and with DO, and KSV is the Stern-Volmer constant, respectively. Theoretically, CO2 can be calculated from measured F as follows, as long as Ksv of the Ru-complex solution was determined beforehand.
On the other hand, temperature (T) changes in experiments affect not only solubility of oxygen, but also values of F, F0, and Ksv in the above equation. Therefore, effects of T have to be considered and corrected. An algorithm for calculations of Ksv and CO2 by considering the effects of T was proposed for the experimental temperature range of 25 -27 degrees, and its validity was experimentally confirmed (see Supporting Information). Figure 2 shows the DO monitoring results obtained from the DO sensor and fluorescence quenching method in the 10 -6 mol/L Ru-complex solution containing the aquatic plants with the LED off (a respiration process of the aquatic plants). Figure 2A shows that DO changes with time, at about 1 cm away from the aquatic plants, were nearly the same for values obtained using the commercial DO sensor and the fluorescence quenching calculations. This also verified that the proposed calculation algorithm for DO concentration from the fluorescence intensities could be applied for the determination of DO.
Figures 2B, 2C, and 2D show comparisons of DO changes obtained from the DO sensor and fluorescence quenching method at vicinities of different distances. Although the DO sensor was always placed at about 1 cm away from the aquatic plant surface, the DO concentration obtained from the DO sensor was not always the same in different measurements. This is because temperature changes were not always the same, and this in turn induced different dissolubility of the oxygen in water. Figure 2B shows that DO concentrations at vicinities of 30 μm became smaller than those at 1 cm after about 110 min. Figures 2C and 2D show that DO concentrations at 10 and 0 μm decreased with time faster than those at 1 cm after about 50 and 30 min of the LED turned off, respectively. The DO concentrations at 30, 10, and 0 μm decreased to about 7.3, 6.8, and 5.7 ppm after 4 h of the LED off, respectively, while the DO concentrations at 1 cm were about 7.6 -8.2 ppm. It is clear that the closer to the aquatic plant surface, the faster the DO decreases with time in the respiration process.
Under light illumination, both oxygen producing photosynthesis and oxygen consuming respiration occur. After the LED light was turned off (time = 0 in Fig. 2) , the photosynthesis began to be suspended and the remaining oxygen consumption by the respiration decreased the DO concentration. Oxygen on the plant surface was consumed firstly, then oxygen in solution diffused to the plant surface to supply the oxygen consumption. The DO concentration was the lowest at the surface or interface of the plants/solution, and there were DO concentration gradients toward the aquatic plant surface. Figure 2 experimentally verified that the DO concentration decreased fastest with time at 0 μm in the respiration process. In view of detection of the DO decrease in the respiration process, it is clear that the detection at a vicinity of 0 μm away from the aquatic plant surface is with the highest sensitivity and closest to real-time. Figure 2 also suggests that the DO concentration beyond 30 μm was nearly the same as those at about 1 cm away from the aquatic plants. Therefore, the DO concentration gradients seemed to exist in the area from the aquatic plant surface to a distance of about 30 μm. Usually, the physical size of a commercial DO sensor is much larger than 30 μm, therefore, the commercial DO sensor could not reach the highest sensitive detection and real-time monitoring, while this optical system is able to do it. Figure 3 shows monitoring results of the deflection signals at different distances from the aquatic plant surface in the respiration process. It is clear that the largest changes with time in deflection signals were at 0 μm, and the deflection changes became small at 10 μm away from the aqueous plant surface. When the distance was about 30 μm, the deflection signals were almost the same as those at about 1 cm. This means that the deflection detection also shows the highest sensitivity at 0 μm.
In the respiration process of the aquatic plants, except the DO concentration gradients stated above, CO2 released from the aquatic plants also formed concentration gradients. Theoretically, the deflection angle of the probe beam 8 was
where k is a constant determined by the optical pathlength and refractive index n of the reaction medium; dn/dx is the refractive index gradient; dn/dCO2 and dn/dCCO2 are concentration coefficients of n to O2 and CO2; dn/dT is the temperature coefficient of n; dCO2/dx, dCCO2/dx, and dT/dx are concentration gradients of O2, CO2, and the temperature gradient, respectively. Since dn/dc (on the level of 10 -2 M -1 ) 16 is usually much larger than dn/dT (on the level of 10 -4 K -1 in aqueous solution), 17 the third term in Eq. (3) can be ignored except for special cases with large temperature change due to reaction heat. Therefore, the deflection angle was mainly caused by the DO and CO2 concentration gradients, which were represented as the first and the second terms in Eq. (3) respectively.
Monitoring of the photosynthetic process of the aquatic plants was also investigated. When the LED white light illuminated the aquatic plants, a little part of the white light entered into the PMT, which disturbed the fluorescence detection. However, the deflection signal was still detectable. Figure 4 shows the deflection signals obtained at 10 μm away from the aquatic plant when the LED was turned on and off. The changing trends of the deflection signals were reverse for the light and the dark conditions. Under the dark condition, the respiration by the aquatic plant consumed the DO in the water. When the LED light was turned on, photosynthesis began to produce oxygen. Because oxygen production by photosynthesis exceeded oxygen consumption by respiration, the DO concentration in the water showed an increasing trend.
As a total reaction, the photosynthetic reaction was reversed to the respiration reaction. Thus, directions of the concentration gradients of both DO and CO2 in the photosynthetic process were opposite to those in the respiration process. This induced opposite change trends in deflection signals.
Because of the heterogeneous growth 18 of plant tissues, different leaves from the same aquatic plants or different locations on the same leaf would not exhibit the exact same material movements. Therefore, monitoring results of the DO and deflection signals would not be completely the same values for different leaves or different locations on the same leaf. However, the large difference in DO and deflection changing trends between the vicinity of 0 μm and over 30 μm or 1 cm away from the plant surface were reproducible. For example, monitoring of a different Egeria densa Planch. showed that the DO at vicinity of 0 μm decreased from 8.0 ppm to about 5.7 ppm, while DO at 1 cm away from the plant leaf only decreased from 8.0 ppm to about 7.7 ppm after 4 h of the LED being off. Also, the deflection signals at a vicinity of 0 μm changed greatly with time (see Fig. S6 of Supporting Information). The opposite changing trends of deflection signals in the photosynthetic and respiration processes were reproducible, too. Figure 5 shows DO and deflection monitoring results at vicinities of 0 μm away from a stem of Egeria densa Planch. It is clear that the DO at vicinities of 0 μm away from the stem of Egeria densa Planch. was almost the same as that at about 1 cm. Also, the deflection signal was on the level of background noise. For the comparison of Fig. 5A with Fig. 2D , and Fig. 5B with Fig. 3D , it is concluded that the material movements including the oxygen transport across the stem surface in the respiration process were much smaller than those at the leaf surface. Therefore, this optical detection system can distinguish the difference in material movements including oxygen transport across surfaces of different organs of the aquatic plants. On the other hand, most of the conventional analytical methods including the commercial DO sensor can only obtain the temporal-and spatial-average concentration. They cannot distinguish the difference between different organs of the aquatic plants.
As a conclusion, the optical system by combining the optical beam deflection and DO-quenched fluorescence achieves the real-time and in-situ monitoring of material movements, including oxygen transport across the aquatic plant surface, with the highest sensitivity. Its improvements, including applicability in the photosynthetic process and to a wider range of temperature changes, will be reported later. 
